The effective string theory emerging from the bilocal approximation to the Method of Vacuum Correlators in gluodynamics is shown to be well described by the 4D theory of the massive Abelian Kalb-Ramond field interacting with the string, which is known to be the low-energy limit of the Universal Confining String Theory. This correspondence follows from the agreement of the behaviour of the coefficient functions, which parametrize the gauge-invariant correlator of two gluonic field strength tensors, known from the lattice data, with their values obtained from the propagator of the Kalb-Ramond field. We discuss this correspondence in several aspects and demonstrate that the mass of the Kalb-Ramond field in this approach plays the role of the inverse correlation length of the vacuum, so that in the massless limit string picture disappears. Next, we apply the background field method, known in the theory of nonlinear sigma models, to obtain the action, which is quadratic in quantum fluctuations around a given (e.g. minimal) string worldsheet. Several nontrivial types of couplings of these fluctuations with the background world-sheet are obtained and discussed. * satisfies loop equations 2 modulo contact terms. However, the statement made in Ref. 1 concerning the universality of the wave operator standing on the L.H.S. of the usual loop equations obtained from the Yang-Mills theory, which were derived and investigated in Ref. 2, was only a conjecture, and the relation of these equations to the equation of motion of the tensor field in the UCST was absolutely unclear. In order to clarify this conjecture, in Ref. 3 the loop equation for the 4D UCST partition function was derived and investigated. In particular, it was demonstrated in 3 that the wave operator of the obtained loop equation is quite different from the usual one. Also the corresponding contact term was calculated explicitly.
Introduction
Recently, a new approach to the string representation of the confining phase of gauge theories was proposed 1 . This is the so-called Universal Confining String Theory (UCST), which is the theory of an Abelian antisymmetric tensor field with a nonlinear action, interacting with the string. This field effectively substitutes an infinite number of monopoles in the 3D compact QED. It was argued in Ref. 1 that the summation over the branches of the UCST action should correspond to the summation over the string world-sheets. It was also proved in Ref. 1 that the UCST partition function, which is nothing else but the Wilson average in the 3D compact QED, then investigated in Ref. 15 by making use of the stochastic quantization method (see also Ref. 16 , where alternative equations for correlators following from the non-Abelian Bianchi identities, which were proposed in Ref. 17 and generalized in Ref. 13 , were investigated). Therefore we shall compare the coefficient functions, standing in the propagator of the Kalb-Ramond field, with the lattice data 18 concerning the behaviour of the corresponding coefficient functions in gluodynamics (see also Ref. 19 , where these functions were measured in QCD with dynamical fermions). We shall see that the mass of the Kalb-Ramond field plays the role of the inverse correlation length of the vacuum, and in the sum rules limit, when the correlation length of the vacuum tends to infinity (see the last Ref. in 10) , which in our model corresponds to the case of the massless Kalb-Ramond field, the string picture disappears, and we are left with the boundary terms only. The representation via the Kalb-Ramond field actually yields the system of equations for the coefficient functions, one of which is differential and is hard to be integrated, and therefore the obtained equations enable one to determine only the asymptotic behaviours of these functions at small and large distances. In order to get the coefficient functions at arbitrary distances, it occurs convenient to switch to the first-order formalism 20 and integrate over the Kalb-Ramond field, after which we arive at a theory of the massive spin-1 Abelian field, interacting with the string, in which the coefficient functions could be found at arbitrary distances. The asymptotic behaviours of these functions, of course, do coincide with the ones obtained previously within the representation via the Kalb-Ramond field. The points described above will be the topics of the next Section.
In Section 3, we shall use the model of the gluodynamics string proposed in Section 2, to describe string world-sheet excitations. Correspondingly, for the low-energy limit of the UCST this will be an exact procedure rather than a model dependent approach. The world-sheet excitations will be described with the help of the background field method developed in Ref. 21 for nonlinear sigma models. Namely, we shall split the world-sheet coordinate into a background and quantum fluctuations, after which upon the integration over the Kalb-Ramond field we shall derive for the latter ones a quadratic action, which contains several nontrivial couplings of quantum fluctuations with the background world-sheet with-and without derivatives.
The main results of the Letter are summarized in the Conclusion.
A Unified Description of the Gluodynamics String and the Low-Energy Limit of the UCST
The partition function of the 4D UCST (which is nothing else but the Wilson average in the Euclidean 4D compact QED) in the low-energy limit has the form 1,4
Here
is a strength tensor of the field B µν ,
is the vorticity tensor current, e is a dimensionless coupling constant, and Λ ≡ Λ 0
, and Λ 0 is a cutoff which is necessary in 4D. Gaussian integration in (1) yields the UCST low-energy action in the form
where
In Eqs. (4) and (5) , m ≡ Λ e is the mass of the Kalb-Ramond field, K i 's, i = 0, 1, 2, 3, stand for the Macdonald functions, and one can show that the term
could be rewritten as a boundary one.
Notice, that the derivative (or curvature) expansion of the action (2) , which in this case is equivalent to the 1 m -expansion, was performed in Ref. 4 and up to a common constant positive factor has the form
Here g ab and t µν stand for the induced metric and the extrinsic curvature tensor of the string world-sheet respectively,
x µ (s) in the last term on the R.H.S. of Eq. (6) parametrizes the contour C in Eq. (1), x µ (0) = x µ (1), and we have omitted the full derivative term of the form d 2 ξ √ gR, where R is a scalar curvature of the world-sheet. As it was already mentioned in the Introduction, the coupling constant of the rigidity term in this expansion is negative, which means the stability of the string. In order to model the gluodynamics string with the help of the action (2)-(5), we shall establish a correspondence between W (C) = exp (−S U CST ) and the Wilson average written within the bilocal approximation to the MVC. To this end, one has to solve the following system of equations for the coefficient functions D and D 1 , which parametrize the gauge-invariant correlator of two gluonic field strength tensors
and
While it is difficult to integrate Eq. (8), one can however look for the asymptotic behaviours of solutions of Eqs. (7) and (8) at |x| ≪ 1 m and |x| ≫ 1 m . In the first case, we get from Eqs. (7) and (8) respectively
Eqs. (9) and (10) are self-consistent if we assume that at such values of |x|,
This is actually in agreement with the MVC, where due to Ref. 10 at the distances which are much smaller than the correlation length of the vacuum T g ,
The difference in the numerical constants in the asymptotics (11) and (12) is due to the colour factor in the one-gluon exchange diagram, which contributes into Eq. (12). This factor, which is absent in the asymptotics (11) of the Abelian proparator, could be accounted for by the proper tuning of the charge e of the Kalb-Ramond field, if we replace the running α s (x 2 ) in Eq. (12) by some fixed value, say approximate α s (x 2 ) by its "frozen" value, which it acquires at the confinement scale 22 1 √ σ , where σ is the string tension of the Nambu-Goto term. At |x| ≫ 1 m , we get from Eqs. (7) and (8) respectively
In the leading order in 1 |x| , Eq. (14) could be easily integrated, which yields
Upon comparison of Eqs. (13) and (15), we conclude that Eq. (13) is actually an asymptotics of the function D at large distances rather than those one of the sum D + D 1 , since D 1 falls off much faster, which is in agreement with the lattice data 18 . The exponential fall-off also agrees with Ref. 18 , while the preexponential power-like behaviour does not. However, the 1 (x 2 ) 2 -fit of this behaviour used in Ref. 18 was motivated by the short-distance asymptotics, which according to Eq. (11) is reproduced in our model as well.
Eqs. (13) and (15) tell us once more that the mass m of the Kalb-Ramond field in our approach should be treated as an inverse correlation length of the vacuum T g , so that in the "string limit of QCD" 23 , when the string tension of the Nambu-Goto term, σ, is kept fixed at vanishing T g , we have a correspondence of the type m ∼ D(0) σ . In the opposite regime when the Kalb-Ramond field is massless (or equivalently, in the strong coupling regime of the theory (1)), which corresponds to the QCD sum rules case (see the last Ref. in 10), the "confining" part (4) of the propagator of the Kalb-Ramond field vanishes, and we are left only with the "boundary" part (5), which in this limit takes the form
This is also in agreement with Ref. 4, where it was shown that in the strong coupling regime of the theory (1) strings are completely suppressed when Λ 0 → +∞. Let us now find the functions D and D 1 at arbitrary distances. To this end, we shall use the first-order formalism 20 upon substitution of the equality
whereF µν ≡ 1 2 ε µναβ F αβ , and F µν is a field strength tensor of the massive Abelian field A µ , into Eq. (1) and further integration over the field B µν . This yields
where the argument of the first exponent on the R.H.S. of Eq. (16) is the result of the regularization of the term T 2 µν , which emerges during the integration over the field B µν . After the integration over the field A µ in Eq. (16) , we arrive at the following system of equations
so that 
The asymptotic behaviours of the function D 1 following from Eq. (22) at |x| ≪ 1 m and |x| ≫ 1 m coincide with the ones of Eqs. (11) and (15) respectively as it should be. As far as the function D is concerned, its behaviour at |x| ≫ 1 m following from Eq. (21) coincides with the asymptotics (13) , but besides that we also get the asymptotics of the function D at |x| ≪ 1 m , which reads
where γ = 1, 781... is the Euler constant, and all the pure power-like terms in this asymptotics cancel out, so that the first x-dependent term is the logarithmic-type one. Eq. (23) means that our approach to the bilocal approximation of the MVC with the help of the model (1) is valid only at the distances |x| ≥ |x * |, where x * stands for all the Euclidean four-vectors, whose absolute value satisfies the equation
since the function D within the MVC is proportional to the gluon condensate and consequently positively definite.
Description of the World-Sheet Excitations
In order to describe the fluctuations of strings in the model (1), we shall adopt the backgroundfield method developed in Ref. 21 for the nonlinear sigma models. The three differences of our case with the one considered in Ref. 21 are the absence of the Polyakov term in the action, flatness of the field manifold (i.e. the space-time), since we consider an arbitrary Wilson loop, not necessarily lieing on the unit sphere, and the necessity of the eventual integration over the field B µν . Consequently, the geodesics passing through the background manifold y µ (ξ) and the excited manifold x µ (ξ) = y µ (ξ) + z µ (ξ), where z µ (ξ) stands for the world-sheet fluctuation, are straight, ρ µ (ξ, s) = y µ (ξ) + sz µ (ξ), where s denotes the arc-length parameter, 0 ≤ s ≤ 1. The expansion of the action (2) in powers of quantum fluctuations z µ (ξ) could be performed by virtue of the following generating functional, which is the arc-dependent term describing the interaction of the Kalb-Ramond field with the string in Eq. (1),
Then the term containing n quantum fluctuations reads as
, and we get from Eq. (25)
where during the derivation of Eqs. (27) and (28) we have omitted several full derivative terms. It is worth mentioning, that as it was discussed in Ref. 21 , the terms (26)-(28) are necessary and sufficient to determine all one-loop ultraviolet divergences in the theory (25) at s = 0. This statement is important for the model of the gluodynamics string with the action (2), proposed in the previous Section, since in the UCST case, Eq. (2) describes only its low-energy effective action, which does not suffer from the ultraviolet divergences.
In order to get the desirable action, quadratic in quantum fluctuations z µ (ξ), we shall first perform the integral (1) .
It occurs to be equal to
,
where from now on we shall omit all the boundary terms. Secondly, one should substitute the saddle-point of the integral
into Eq. (28). This saddle-point reads
and upon its substitution into Eq. (28), accounting for Eq. (29), and making use of Eq. (4), we finally get the following value of the action quadratic in quantum fluctuations
where 
Conclusion
In this Letter, we have modelled the gluodynamics string effective action by the theory of the massive Kalb-Ramond field, interacting with the string. The partition function (1) of this theory is nothing else but the low-energy expression for the partition function of the UCST, which is in fact the low-energy limit of the Wilson average in the 4D compact QED, rewritten in terms of the dual antisymmetric tensor field. This observation provides us with the unified description of the gluodynamics string and the UCST.
An approach to the gluodynamics string with the help of the theory (1) has been justified in Section 2, where it has been shown that the small-and large-distance asymptotic behaviours of the coefficient functions, which parametrize the gauge-invariant correlator of two gluonic field strength tensors within the MVC and could be extracted from the lattice measurements, are in a good agreement with the ones of the corresponding functions standing in the propagator of the Kalb-Ramond field. In the framework of our model, these two functions have been eventually evaluated at arbitrary distances by making use of the first-order formalism. It has been demonstrated that the mass of the Kalb-Ramond field plays the role of the inverse correlation length of the vacuum, so that in the massless limit strings are suppressed, which is in agreement with Refs. 4 and 23. We have also shown that the proposed model of the gluodynamics string is valid only at the distances |x| ≥ |x * |, where |x * | is the (unique) solution of Eq. (24).
In Section 3, we have applied the background field formalism, developed in Ref. 21 for the nonlinear sigma models, in order to describe fluctuations of strings in our model. To this end, we have splitted the string world-sheet coordinate into a background part, corresponding to some given world-sheet (e.g. one with the minimal area), and quantum fluctuations, and using the arcdependent string action as a generating functional, performed the expansion of the term, which describes the interaction of the string with the Kalb-Ramond field, up to the second order in quantum fluctuations. Finally, upon the integration over the Kalb-Ramond field, we have derived an action, which is quadratic in quantum fluctuations and contains the pure background part and the terms describing the interaction of the background world-sheet with the quantum fluctuations. This action is given by formulae (30) and (31) and describes fluctuations of strings in the UCST and in our model of the gluodynamics string.
